Attaining a proper balance between mRNA synthesis and degradation is essential for determining levels of gene expression. The degradation of mRNAs in eubacteria involves the actions of different RNases and usually starts with endonucleolytic cleavage of the RNA molecule, followed by exoribonucleolytic digestion of the resulting fragments to yield 5Ј mononucleotides (21) . RNA decay has been studied mainly in Escherichia coli, which has at least five endonucleases and eight exoribonucleases (21) . Among the 3Ј-5Ј exoribonucleases, RNase II and polynucleotide phosphorylase (PNPase) are responsible for most mRNA degradation (24) . Some of these nucleases form part of the degradosome, a complex devoted to RNA turnover. In E. coli, PNPase forms part of the degradosome while RNase II does not (reference 37 and references therein). Both nucleases are significantly inhibited by RNA secondary structures; the action of PNPase is probably helped by RhlB RNA helicase, which is also part of the degradosome. RNase R is a 3Ј-5Ј exoribonuclease that is very processive and can efficiently digest RNAs having extensive secondary structures, such as rRNA, RNAs containing repetitive extragenic palindromic (REP) sequences, or the tmRNA (transfer-messenger RNA) required for trans-translation (7, 8, 33) . RNase R is also involved in the processing of 16S and 5S rRNA (30) . The gene encoding RNase R has been named vacB or rnr. In E. coli, rnr gene mutant strains are viable under standard laboratory conditions, although a double mutant lacking both RNase R and PNPase is not viable (8, 9) . This suggests that PNPase compensates for the absence of RNase R in the rnr mutant strains. The levels of RNase R increase in response to stress conditions, such as entry into stationary phase, cold shock, or growth under carbon, nitrogen, or phosphorus limitation (5, 6) , suggesting that it performs an important role in vivo. Homologues of the E. coli rnr gene are found in most bacteria (22, 41) , which supports the notion that RNase R plays an important role in the metabolism of at least some kinds of RNAs. In Shigella flexneri (38) and Aeromonas hydrophyla (15) , inactivation of rnr reduces pathogenicity.
Although many of the conclusions about RNA decay obtained for E. coli are valid for other bacterial species, variations may exist related to the different lifestyles of the microorganisms. For example, RNase R forms part of the degradosome in Pseudomonas syringae, but not in E. coli (29) . RNase R may become particularly important at low temperatures, since inactivation of the rnr gene inhibits growth of P. syringae (30) and Pseudomonas putida (32) at 4°C, but not at 22°C. At low temperature, P. syringae rnr mutants accumulate unprocessed 16S and 5S rRNA (30) .
The importance of RNase R in mRNA turnover in vivo has been studied only for a few individual mRNAs (1, 28) , for mRNAs containing REP sequences (7), or for the particular case of tmRNA (5, 18, 20, 33) . To get a more global view of the role of RNase R in mRNA turnover, we analyzed the effect of inactivating the rnr gene on the cellular transcriptome of P. putida KT2440, as well as the expression of this gene under diverse conditions.
To inactivate the P. putida KT2440 (16) rnr gene (PP4880), a DNA fragment containing rnr was PCR amplified from chromosomal DNA using oligonucleotides that hybridize, respectively, 126 nucleotides upstream from the ATG start site or 23 nucleotides downstream from the stop codon. The PCR product obtained, 2,813 bp in size, was cloned into plasmid pGEM-T Easy, producing pRNR-G. A 694-bp SmaI fragment present within rnr was replaced by a tetracycline resistance determinant, obtained from mini-Tn5Tc (17) with SmaI, producing pRNR-GT. The rnr::tet gene was excised from pRNR-GT as a NotI DNA fragment and cloned at the NotI site of plasmid pKNG101, which is designed for marker exchange mutagenesis (19) . The plasmid obtained, pRNR3, was transferred to P. putida KT2440 to inactivate the rnr gene by marker exchange, as described previously (19) . The absence of a wild-type rnr gene and the presence of the rnr::tet allele were verified by PCR in several isolates (not shown). An isolate named KTRNR1 was selected for further work.
Inactivation of the P. putida KT2440 rnr gene impairs growth at 4°C, but not at 30°C (32) . Growth at other temperatures was not reported. We found that inactivating the rnr gene in P. putida KT2440 had no effect on the growth rate in complete LB medium (34) at 30°C (Fig. 1A) but significantly reduced the growth rate at 10°C: the doubling time increased from 6 Ϯ 0.2 h in the wild-type strain to 16.5 Ϯ 0.5 h in the rnr mutant strain (Fig. 1B) . Following cell growth at 10°C by counting viable cells, rather than by turbidity, yielded very similar growth rates; the doubling times were about 7 h for the wildtype strain and 15.5 h for the rnr mutant strain. The reduced growth rate of the rnr mutant strain at 10°C is consistent with the proposed role of RNase R in degrading the highly structured RNA, since secondary structures are probably more stable at low temperatures. Introduction of a plasmid containing a functional rnr gene into the rnr-deficient strain KTRNR1 restored the growth rate at 10°C to a level similar to that of the wild type strain, both when growth was followed by turbidity ( Fig. 1B ) and when it was followed by measuring viable cells (not shown). The plasmid used, pRNR1, contained a 3.4-kbp DNA fragment including rnr and PP4889, located immediately downstream, under the influence of the tacp promoter. This DNA segment was obtained from the P. putida KT2440 genome by PCR, cloned into pGEM-T Easy (Promega), excised as a BamHI-HindIII segment, and cloned between the same sites of the broad-host-range plasmid pVLT35 (14) . The sequence of the amplified DNA fragment was determined to ensure the absence of undesired mutations.
The apparent dispensability of RNase R at 30°C suggests that it may not play an important role at this temperature or that other nucleases can perform its role under these conditions. To gain deeper insight into this problem, the effect of inactivating the rnr gene in the mRNA pools of the cell was analyzed by comparing the transcriptome profiles of P. putida strains KT2440 (wild type) and KTRNR1 (an rnr derivative of KT2440) using a genome-wide oligonucleotide-based DNA microarray. This microarray, which was described previously (40; Array Express database accession number A-MEXP-313), includes spots for mRNAs, but not for rRNAs or tRNAs, and therefore, our analysis was focused only on mRNAs. The total-RNA preparations used, corresponding to cells grown in complete LB medium and collected at mid-exponential phase (A 600 , 0.6), were purified as described previously (25) . The absence of DNA was checked by PCR using primers for rpoN, as described previously (25) . cDNA was obtained from RNA preparations of the control and test strains (KT2440 and KTRNR1, respectively), fluorescently labeled with either Cy3 or Cy5, mixed, and used to hybridize the DNA microarray as reported previously (40) . Five microarrays corresponding to five independent experiments (biological replicas) were used. The results for each replica were normalized and statistically analyzed as described previously (40), using the LIMMA software package (35) . Differential expression was calculated using linear models and empirical Bayes-moderated t statistics (35, 36) . The probability values obtained (P values) were adjusted for multiple testing to control the false-discovery rate (4) . Genes whose mRNA levels increased or decreased more than twofold upon inactivation of the rnr gene, with a corrected P value lower than 0.05 and rendering a fluorescence signal higher than 300 units, are listed in Table S1 in the supplemental material. Using these cutoff values, the mRNA levels of 172 genes increased and those of 27 genes decreased upon inactivation of rnr.
To validate the results obtained from the microarrays, the mRNA levels of 16 genes were compared in the wild-type and rnr strains by real-time reverse transcription (RT)-PCR. Three RNA samples corresponding to three independent experiments were analyzed, with each sample measured in triplicate. The reactions were performed as described previously (25) , starting from 10 g of total RNA and measuring the relative amounts of mRNA for each gene (experiment versus control), following the 2 Ϫ⌬Ct method (23). The oligonucleotides used for each gene are listed in Table S2 in the supplemental material. The absence of DNA in the RNA preparations was verified by real-time PCR using oligonucleotides for rpoN. The genes selected included 11 showing elevated mRNA levels in the rnr mutant strain (anr, cobW, cpxR, fleR, fliA, fliE, ihfA, PP4607, PP4608, purN, and thiL) and five that apparently remained unchanged (PP1185, PP0838, PP5264, nuoM, and sigX), as deduced from the microarray assays. The real-time RT-PCR assays confirmed that the 11 genes detected as upregulated in the microarrays indeed had elevated mRNA levels in the rnr mutant strain (Fig. 2 ). For two of these genes, PP4607 and cpxR, we also measured by real-time RT-PCR the effects of complementing the rnr mutation of strain KTRNR1 by the introduction of plasmid pRNR1, which contains a wildtype copy of the rnr gene; in both cases, the mRNA levels returned to wild-type values (Fig. 2 
, PP4607-C and cpxR-C).
Among the five genes that appeared in the microarrays not to have been affected by the absence of RNase R, the real-time RT-PCR assays indicated changes in mRNA levels lower than 1.5-fold for four of them (PP1185, PP0838, PP5264, and nuoM) and an increase of 2.5-fold for sigX (Fig. 2 ). This suggests that the microarrays were probably underestimating the real number of genes that were affected by the absence of RNase R.
Where there was an effect, the final consequence of the rnr mutation was in most cases an increase in mRNA levels. This is consistent with a role for RNase R in mRNA degradation and indicates that its absence cannot be fully compensated for by other RNases. In other words, RNase R seems to play a substantial role in mRNA turnover when cells grow at 30°C, although its absence did not lead to a decreased growth rate under the conditions analyzed.
E. coli RNase R is particularly active on mRNAs containing REP sequences and has been proposed to play an important role in the turnover of mRNAs containing such sequences (7). The P. putida KT2440 genome contains 938 REP sequences (2, 39) and 5,421 annotated genes (26) , which means that, on average, 17% of the genes can be associated with a REP sequence. Among the 199 genes listed in Table S1 in the supplemental material, only 22 had REP sequences downstream of or within the coding sequence. This percentage (11%) is similar to or even lower than that of the complete genome. Therefore, among the genes affected by the lack of RNase R, those containing REP sequences are not overrepresented. This is consistent with the finding that, in E. coli, REP-containing RNA fragments accumulate to high levels when both RNase R and PNPase are absent, but not when RNase R is the only nuclease absent (7).
Intrinsic transcriptional terminators include a region of hyphenated inverted symmetry that can form a stem-loop structure (27) . Although digestion of these terminator-associated secondary structures has not been related to RNase R, they may be particularly good substrates for the exonuclease. About 9% of the P. putida KT2440 genes include a predicted transcriptional terminator (http://www.tigr.org). Only 8.6% of the genes listed in Table S1 in the supplemental material have a predicted transcriptional terminator, which argues against an important, or at least an exclusive, role for RNase R in eliminating these secondary structures from mRNAs.
The genes affected by the absence of RNase R belonged to all of the different gene classes (see Table S3 in the supplemental material). However, those corresponding to the flagellar apparatus or to the biosynthesis of cofactors were overrepresented. The organization of flagellar genes in P. putida KT2440 is highly similar to that in Pseudomonas aeruginosa (13) . In P. aeruginosa, the flagellar regulon consists of four classes of genes that are differentially regulated in a coordinated and hierarchical manner by the RpoN, FleQ, FleS, FleR, FliA, and FlgM regulatory proteins (12) . Microarrays (see Table S1 in the supplemental material) and/or RT-PCR analyses (Fig. 2) indicated that the mRNA levels of rpoN, fleQ, fleR, and fliA were elevated in the rnr mutant strain, although those of flgM changed little. FleQ is the master regulator of the flagellar regulon (12); its levels are controlled by the Vfr regulator and its activity by the FleN antiactivator (10, 11) . FleQ, together with the RpoN alternative sigma factor, activates the expression of the gene clusters flhF-fleN, fliEFGHIJ, fliLMNOPQRflhB, flhA, and fleSR (12) . Microarrays detected elevated mRNA levels for several of these genes (flhF, fliE, flhB, and fleR). The case of fleR was confirmed by real-time RT-PCR (Fig. 2) . The elevated mRNA levels of the alternative sigma factor FliA, which were not paralleled by an increase in its antisigma, FlgM, led to increased expression of the FliA-dependent gene fliC, which codes for flagellin (Fig. 2) .
To analyze whether the altered expression of flagellar genes had an impact on cell physiology, the swimming abilities of P. putida strain KT2440, its rnr derivative KTRNR1, and the complemented strain KTRNR1/pRNR1 were analyzed in plates containing 10 g/liter tryptone and 5 g/liter NaCl solidified with 0.3% (wt/vol) agarose, as previously described (31) . Polarly flagellated bacteria inoculated as a stabbed spot onto this kind of plate swim through water-filled channels and create concentric rings around the point of inoculation (31) . Overnight cultures of each strain were adjusted to the same turbidity (A 600 ), and 3 l was stabbed into each plate. After overnight incubation at 25°C, the migration of bacteria through the agar from the point of inoculation was monitored. Cells of strain KT2440 generated a growth halo of 2.5 Ϯ 0.1 cm, while the halo of the rnr mutant strain KTRNR1 was 3.6 Ϯ 0.2 cm, which was a 46% increase (Fig. 3) . The size of the halo reverted to wild-type values (2.4 Ϯ 0.1 cm) in the complemented strain KTRNR1/pRNR1. Therefore, inactivation of RNase R leads   FIG. 2 . Effects of inactivating the rnr gene on the levels of selected mRNAs. Strains KT2440 (wild type) or KTRNR1 (an rnr derivative of KT2440) were cultivated in LB medium at 30°C. At a turbidity of 0.6, aliquots were taken and processed to obtain total RNA. The amounts of the mRNAs corresponding to the indicated genes were measured by real-time RT-PCR. The values indicate the ratios of the mRNA levels observed for strain KTRNR1 relative to those of the wild-type strain and correspond to the average of three independent assays; the standard error is shown.
to increased motility as determined in semisolid (0.3% [wt/ vol]) agar plates.
The increase in the mRNA levels of a given gene in the rnr strain could reflect the fact that this mRNA is a direct substrate for RNase R, but it could also be an indirect effect, for example, if a change in the mRNA levels of a given gene led to an increase in the transcription, rather than in the mRNA stability, of another gene. To find mRNAs that could possibly be direct targets for RNase R, the decay rates of a subset of the mRNAs showing elevated levels in the rnr mutant strain were determined in the wild-type and the rnr strains. Both strains were cultivated in LB medium at 30°C, and at a turbidity of 0.6, rifampin was added to 100 g/ml to inhibit transcription by RNA polymerase. At different time points, aliquots were taken and immediately frozen. Total RNA was purified, and the amounts of the mRNAs of the genes listed in Table 1 were measured by real-time RT-PCR (see Figure S1 in the supplemental material). The half-life was calculated from the mRNA decay rates observed in three independent assays. As shown in Table 1 , inactivation of the rnr gene led to a significant increase in the half-lives of the mRNAs corresponding to cpxR, PP4607, fliA, fleR, PP4608, and cobW. The effects were more moderate for thiL and purN and slight or undetectable for ihfA, anr, and PP4980. Therefore, the turnover of at least some of the mRNAs depends directly on RNase R under the conditions tested. Among the genes analyzed, only PP4607 had a REP sequence at the 3Ј end; none of the genes had a predicted transcriptional terminator.
We also analyzed whether inactivation of P. putida rnr could generate a compensatory response leading to altered expression of other enzymes involved in RNA turnover. The absence of RNase R led to an increase in the mRNA levels of the RhlB (PP1295, or rhlB) and RhlE (PP4980, or rhlE) RNA helicases, although those of other RNA helicases, such as SrmB (PP4532, or srmB) were hardly affected (Fig. 2) . Expression of RNase E (PP1905, or rne), PNPase (PP4708, or pnp), and RNase D (PP4591, or rnd) increased between 2-and 2.5-fold, while those of RNase H (PP5294, or rnh) and RNase T (PP1085, or rnt) were hardly affected. In summary, the absence of RNase R led to moderate increases in the mRNA levels of some RNases and RNA helicases, but other RNases and RNA helicases were not affected.
Expression of RNase R is cold inducible in E. coli (5, 6), but not in P. syringae (30) . P. putida grows optimally at 30°C but can also grow at 4°C. The lower growth rate of the P. putida rnr mutant strain at 10°C indicates that RNase R becomes particularly important at low temperatures, when other nucleases presumably cannot compensate for its absence. The expression of the P. putida rnr gene increased less than twofold after a 2-hour cold shock in which the culture temperature was decreased from 30°C to 10°C (Fig. 4) , a value that is at least an   FIG. 3 . Motilities of P. putida strains having a wild-type or an inactivated rnr allele. P. putida strains KT2440 (wt), KTRNR1 (an rnr derivative of KT2440), and KTRNR1 containing plasmid pRNR1 (which includes a wild-type copy of the rnr gene) were inoculated as stabbed spots in plates containing 0.3% (wt/vol) agarose. The halos were visualized after the plates were incubated overnight at 25°C .   FIG. 4 . Expression of the rnr gene under different conditions. Total RNA was obtained from cells grown under the indicated conditions, and the mRNA levels of the rnr gene were compared by real-time RT-PCR. The conditions compared were as follows: (i) 2 hours after a cold shock in LB medium (transfer from 30°C to 10°C) relative to the mRNA levels immediately before the cold shock (0 h); (ii) exponential growth in LB medium at 10°C, 20°C, or 30°C, with the mRNA levels at 30°C taken as a reference; (iii) entry into stationary phase (A 600 , 2.2 [Stat]) versus exponential phase (A 600 , 0.6 [Exp]) in LB medium at 30°C, with the latter taken as a reference; and (iv) exponential growth (A 600 , 0.6) at 30°C in a minimal salts medium containing succinate (M9ϩSc) or citrate (M9ϩCit) as the carbon source compared to LB medium under the same conditions. The relative amount of mRNA for each gene (experiment versus control) was determined following the 2 Ϫ⌬⌬Ct method (23), using the mRNA levels of rpoN as an internal control in all cases except for the cold-shock assays, where rpoD was used. The error bars indicate standard errors. a The values were estimated from the mean decay rate for each mRNA after rifampin addition in cultures incubated at 30°C. The decay rates are shown in Fig. S1 in the supplemental (Fig. 4) . E. coli RNase R is induced in response to stress conditions, such as entry into stationary phase or growth in a minimal salts medium containing succinate or citrate as the carbon source (6). In P. putida, rnr expression levels at 30°C were similar in a complete medium and in an M9 minimal salts medium (34) supplemented with trace elements (3) and 15 mM succinate or citrate as the carbon source (Fig. 4) . Upon entry into stationary phase, however, rnr expression increased more than threefold (Fig. 4) . We conclude that the expression pattern of the rnr gene in P. putida differs from that in E. coli. In summary, our results indicate that P. putida RNase R plays an important role in mRNA turnover even under conditions in which its absence does not compromise growth. At 30°C, which is the optimum growth temperature for P. putida, the absence of RNase R led to increased levels of many mRNAs. In several cases, the effect was due to an increase in mRNA stability, suggesting that they could be direct targets for this enzyme and that other nucleases are less efficient than RNase R in their digestion. This, in turn, seemed to generate an indirect response in the expression of other genes. The absence of RNase R led to compensatory changes in the RNA decay machinery, changes that allowed apparently normal growth but that did not fully restore mRNA turnover. The elevated expression of RNA helicases and of PNPase (a 3Ј-5Ј exoribonuclease that is less effective than RNase R on highly structured RNA) in the rnr mutant strain, together with the fact that the negative effect of the rnr mutation on the growth rate increased as the temperature decreased, suggests that mRNA secondary structures become more stable and difficult to digest as the growth temperature decreases, a situation in which RNase R becomes increasingly important. Finally, our results indicate that the expression pattern of the rnr gene in P. putida under some conditions is different from that in E. coli, probably reflecting the different lifestyles of the two bacterial species.
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